An experimental investigation of liquid sheets formed by the impingement of two capillary liquid jets is conducted. The breakup mechanism of the sheet is categorized into two main regimes and five subregimes based on the experimental observations. Two types of Reynolds numbers ͑jet Reynolds number and sheet Reynolds number͒ are introduced to correlate with and map the reported breakup regimes. Breakup length and width are introduced, and their analytical models are derived. Both the analytical and experimental results show that the breakup length and width are linearly proportional to the Weber number of individual jets in the case of closed-rim sheets. The slopes of the two linear relations are dependent on the impinging angle. The distribution of fluid velocity in the sheet is examined and found to be in disagreement with the assumption of early models, which claims uniform velocity across the sheet. The nonuniform distribution of fluid velocity in the sheet causes a discrepancy between analytically predicted sheet thickness and the experimental results reported in early works.
I. INTRODUCTION
When two equal cylindrical liquid jets collide, they form an expanding sheet in the perpendicular plane to the plane of the two jets. When the two jets are coaxial, a circular sheet is formed. Otherwise, the sheet takes a leaf-like shape, as sketched in Fig. 1 .
Since Savart 1 first observed the breakup of flat sheets formed by two equal coaxial colliding jets, numerous other researchers have investigated this problem. Michell 2 gave a complete solution for a flat jet in two-dimensional flow impacting on a plane surface, which was extended by Taylor 3 to discuss the dynamics and pressure distribution at the impact region of two impinging jets. Taylor [4] [5] [6] also produced several definitive papers on the subject, studying waves on thin liquid sheets as well as formation and disintegration of the sheets. Dombrowski and co-workers [7] [8] [9] conducted extensive experiments to analyze the factors influencing the breakup of sheets and made significant studies, which served to expose wave motions of high velocity sheets. Huang 10 examined the breakup mechanism of axisymmetric liquid sheets, and analyzed the speed of antisymmetric waves propagating on the sheets. Lin 11 has provided a detailed review of the literature on the sheet instability and introduced the concept of absolute instability for the sheet breakup. Attention was also paid to the geometries of liquid sheets including thickness and shape ͑Miller, 12 Hasson and Peck, 13 Ibrahim and Przekwas, 14 Naber and Reitz 15 ͒. Several recent papers ͑Choo and Kang, 16, 17 Shen and Poulikakos 18 ͒ reported the experimental results of directly measuring sheet thickness and fluid velocity in the sheet. This paper will first introduce some analytical models by reviewing previous works. The models will be compared with our experimental observations, and, based on the comparison, one model will be chosen for analysis thereinafter. Then, the remaining part will focus on the following three major topics.
(i) Sheet breakup regimes: Although there have been numerous efforts to predict the breakup mechanism of liquid sheets, there is still not a widely accepted conclusion. Here we present further information on the breakup regimes. We categorize the breakup mechanism into two main regimes that are further divided into five subregimes. These regimes are then related to two Reynolds number ranges.
(ii) Correlations for sheet breakup length and width: A liquid sheet formed by two impinging jets can be characterized by breakup length and width. This paper introduces these two parameters and correlates them with the Weber number of individual jets. The correlations are compared with the experimental measurements.
(iii) Distributions of sheet velocity and thickness: The fluid velocity in the sheet formed by the impingement of two low-speed jets has long been assumed uniform throughout the sheet. We test this assumption and find it inapplicable in the present work. The distribution patterns of fluid velocity in the sheet are discussed and explained. The effects of the nonuniform velocity distribution on analytical models including breakup length, breakup width, and thickness of the sheet are discussed in detail.
Two needle valves are used to finely adjust the flow rate of the circuits, which supply fluid to the two nozzles.
The two nozzles are mounted on a two-jet impingement platform, which is fixed on the top of a stand with a threedimensional adjustment system, as shown in Fig. 2 . The platform consists of an aluminum plate and an angle-adjustable structure. The plate with four slots holds one of the two nozzles. The slots are positioned 15°apart. The angleadjustable structure is constructed by two aluminum bars and holds another nozzle. This structure is able to produce any angle in line with the positioning of another nozzle on the plate and also to adjust the relative position between the two nozzles.
Ideally, the impingement of two jets with the same diameter should result in a symmetric spray. Great care is taken to carry out angular and planar alignments and to obtain two equal jet velocities. To ensure the two nozzles are positioned symmetrically, the angle of each nozzle with respect to the vertical line, , is measured by using a protractor, the accuracy of which is ±0.5°. Therefore, the angle between the axes of the two jets, which is referred to as impinging angle denoted by 2, is accurate within ±1°. For the planar adjustment, a micrometer attached to the angle-adjustable structure is used to move one nozzle to be in the same plane as the other one. Two equal jet velocities are obtained by using the needle valves to control the flow rate of each nozzle. All the three adjustments should be finally inspected by observing the sheet with naked eyes. The sheet must be perpendicular to the ground and also normal to the plane containing the two jets. The path lines of droplets at the two sides of the spray sheet must appear symmetric.
The two nozzles are made from two stainless steel tubes with D = 0.4 mm in inner diameter and H = 64 mm in length. Hence, the ratio of length to inner diameter of the nozzles is 160. Durst et al. 19 showed that the development length of the parabolic velocity profile for laminar pipe flow can be estimated by H / D = 0.619+ 0.0567 Re j , where Re j = UD / is the Reynolds number of individual jets. Here U indicates mean jet velocity, and and denote density and dynamic viscosity of fluid, respectively. The mean jet velocity U is calculated from the measured volumetric flow rate, Q, by using the relation U = Q / R 2 , where R is the jet radius. In the present work, Q ranges from 233.73 ml/ s to 1099.56 ml/ s, and U ranges from 1.86 m / s to 8.75 m / s. When H / D is 160, Re j can be up to around 2800. Therefore, this length/ diameter ratio is sufficient for a laminar flow to achieve a fully developed parabolic velocity profile, which is expressed by
͑1͒
The symbols U j and r j represent fluid velocity in the jet and radial coordinate on the jet cross section, respectively. The pre-impingement length, l, which is the length of the free jet between the nozzle exit and the two-jet impingement point, is set at 5 mm for all the experiments to be presented.
The visualization system is composed of a high-speed video camera ͑PHOTRON FASTCAM-ultima 1024 manufactured by PHOTRON LIMITED͒ and a lighting source. An intense source of light is used together with a ground screen to supply uniform illumination. The light and the camera are in line with the spray. The frame rate of 8000 fps ͑frames per second͒ is typically used. Consequently, the time interval between any two consecutive photographs is 1/8000 s. The shutter speed employed is 1/32000 or 1/64000 s. Pictures to be shown later do not share the same scale, and the distance between two neighboring bars in all the scales is 1 mm. All the spray sheets studied in this work flow vertically downward, although all photographs are shown horizontally.
Three impinging angles of 2 = 60°, 90°, and 120°are studied. The mean jet velocities are chosen based on the visual observation of sheet breakup, in that the sheet is observed when slowly increasing the mean jet velocity. With this method, it is easy to find the mean jet velocities, at which the sheet breakup mechanism starts to change. For each experimental condition specified by 2 and U, sequences of progressive pictures are taken.
III. EXPERIMENTAL RESULTS

A. Theoretical consideration
Savart
1 is the first who observed the breakup radii of flat sheets that spread from two equal coaxial colliding jets. proportional to the square of the jet velocity and also to the square of the jet diameter, provided the velocity is not too high. Some other works on the sheet geometries in the past include Miller, 12 Hasson and Peck, 13 Naber and Reitz, 15 Ibrahim and Przekwas, 14 and Ranz.
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To find a general solution for liquid sheets, we conduct an analysis of force balance on the edges of the sheet. Figure  3 illustrates part of a liquid sheet and its cross section. The sheet rim that is represented by the half circle at the right end of the lower sketch is chosen as the control volume. Carrying out a two-dimensional analysis, the rate of change of fluid momentum ͑force per unit length͒, F m , is expressed by
where is the angle between the velocity vector and the local tangent of the sheet edge, and V is the local fluid velocity. The mass flow rate is given by
where is the density of the fluid, and h e is the local edge thickness of the sheet. Combining the foregoing two expressions gives
The force ͑per unit length͒ caused by the surface tension, denoted by F s , can be expressed by
͑3͒
where represents the surface tension of the fluid, and rЈ denotes the local radius of curvature of the rim of the sheet. For the sheets to be studied, h e is much smaller than rЈ. Therefore, Eq. ͑3͒ can be simplified to
Equating Eqs. ͑2͒-͑4͒ gives
Since most of previous theories assume a uniform fluid velocity across the sheet, which is assumed to be equal to the mean jet velocity, U, we replace V with U. 
The edge thickness of this circle h i , which was originally proposed by Naber and Reitz, 15 is expressed by
where h is the edge thickness of the circle at = , and ␤ is a coefficient to be determined from conservations of mass and momentum. Figure 4 compares the two models, Eqs. ͑13͒ and ͑14͒, with our experimental observation. Figure 4͑a͒ is the picture of a liquid sheet formed by two jets impinging at 2 = 120°. Figure 4͑b͒ presents normalized sheet shapes predicted by Eqs. ͑13͒ and ͑14͒ with 2 = 120°and 60°. It is clear that Eq. ͑14͒ provides leave-like shapes which are very close to Fig.  4͑a͒ , while Eq. ͑13͒ expresses deformed ellipses. The major difference between the two equations manifest itself at two points = 0°and 180°. At = 0°, Eq. ͑14͒ gives a sharp tip, while Eq. ͑13͒ produces a concave point. At = 180°, Eq. ͑14͒ predicts a concave point, while Eq. ͑13͒ produces a smooth transition. This becomes even clearer in the case of 2 = 120°. Figure 4͑c͒ shows a comparison between the two equations with a sheet under the condition of We= 109 and 2 = 120°. It can be seen that Eq. ͑13͒ fits better near = 180°, while Eq. ͑14͒ fits better for the rest, particularly near = 0°.
The reasons for the aforementioned discrepancy between the two models can be found by comparing Eqs. ͑8͒ and ͑11͒. Figure 5 shows that Eq. ͑11͒ distributes more fluid at =0°a nd slightly less fluid at = 180°than Eq. ͑8͒. Additionally, the first derivative of Eq. ͑8͒ with respect to is zero at = 0°and 180°, whereas this does not occur to Eq. ͑11͒. In view of the discussion above, we choose the model based on Ibrahim and Przekwas 14 for theoretical analysis hereinafter.
B. Sheet breakup regimes and Reynolds numbers
Sheet breakup regimes
Some of the previous studies ͑Dombrowski and Hooper, 9 Heidman et al. 21 ͒ defined two principal mechanisms of sheet breakup. First, a relatively unruffled sheet may be produced, which eventually breaks up through the superposition of aerodynamic waves. Second, waves are produced at the point of impingement, which are called hydrodynamic or impact waves. The impact waves were found even in the vacuum environment. Dombrowski and Hooper 9 carried out an extensive experimental study on the two types of waves and obtained the turbulent and laminar jets in a wide range of Reynolds numbers. It was found that, when both the impingement angle and the mean jet velocity were very high, the impact wave dominated over the whole sheet. Huang 10 observed the breakup of a radially expanding sheet formed by two equal vertical liquid jets impinging against each other. Two different regimes of sheet breakup were reported. In the first regime, the sheet breakup was along a nearly perfect circular edge. As the flow rate of the jet was increased, the sheet increased its radius but retained its smooth interface. In the second regime, the breakup radius decreased with increasing jet flow rate, and the breakup was accompanied by a large-amplitude flag-like motion of the sheet. The broken edge became irregular. Between these two regimes, there was a transition regime in which the cardioids waves appeared, which were first studied and observed by Taylor. We define two major breakup regimes according to the type of instability, which causes the breakup. A clear distinction between aerodynamic waves and impact waves cannot be made without conducting experiments in vacuum. Moreover, aerodynamic waves and the corresponding breakup mechanism of the sheet have been clearly investigated, whereas little is known about impact waves. Therefore, the discussion in this section will mainly focus on aerodynamic waves rather than impact waves.
Regime I: Capillary instability (closed-rim sheet): In this regime, a relatively stable sheet exists due to the equilibrium between the surface tension force and the momentum forces on the edges of the sheet. Due to small disturbances, bead-like shapes are generated on the edges. These beads continuously grow while moving along the edge, and finally are detached from the edge. These beads result in the formation of drops and ligaments, which may further breakup and produce smaller droplets. When the jet velocity is low, beads cannot grow sufficiently before reaching the tip point of the sheet. They finally merge into big ligaments, which subsequently breakup into big drops. In this case, droplet formation is due to the capillary instability of the jet formed at the tip of the sheet. The dimensions of the spray sheet become larger when the jet mean velocity is increased. This regime is further divided into three subregimes.
R I-A (pre-sheet formation): This subregime occurs when the mean jet velocity is very low. Two jets merge after impingement, and no droplets are formed on the edges of the sheet. The sheet is stable, but ruffled. No obvious growth of beads can be seen on the edges. At the tip of the sheet, an irregular and distorted jet is formed, which breaks up into large droplets further below the tip. Pictures 1 in Figs. 6 and 7 and pictures 1 and 2 in Fig. 8 belong to this subregime. Picture 1 in Fig. 8 shows the spray sheet converging and diverging before breaking up into droplets. The final breakup mechanism is due to the classical instability of a single jet studied by Rayleigh. 22 A systematic study on this type of two-jet impingement can be found in Bush and Hasha.
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R I-B (smooth sheet):
This subregime features a smooth sheet surface. On the edges of the sheet, the disturbance causes the local momentum force to be greater than the local surface tension force. These disturbances generate some bead-like shapes, which keep growing while moving along the edge. After growing to some extent, the beads develop into drops attached to the sheet edge via ligaments. The ligaments further disintegrate into smaller droplets after separation from the drops. Pictures 2 and 3 in Fig. 6 , pictures 2-4 in Fig. 7 and picture 3 in Fig. 8 illustrate this subregime.
R I-C (ruffled sheet): When the mean jet velocity in the foregoing regime is increased further, the sheet surface becomes ruffled. Some disturbances are observed to originate at the impact region of the two jets. These disturbances ini- 
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tiating at the impact point propagate throughout the entire sheet, and the sheet flaps but still maintains a relatively stable shape. Capillary instability still dominates in producing droplets on the edges of the sheet. Pictures 4 in Figs. 6 and 8 are examples of this subregime. Regime II: Kelvin-Helmholtz (KH) instability: When the jet velocity is increased further, the liquid sheet becomes distinctly unstable. The principal cause of instability is the interaction of the sheet with the surrounding air. Disintegration occurs when the wave amplitude reaches a critical value, and the sheet is fragmented. The fragments breakup into ligaments, and subsequently ligaments disintegrate into drops. The experimental results show that, in this regime, increasing the jet velocity reduced the size of the spray sheet. The large ligaments observed in regime I do not exist in this regime, because liquid merging does not occur at the tip of the sheet anymore. As compared to regime I, the drop size in regime II is generally smaller and lies in a narrower range. This regime can be divided into two subregimes:
R II-A (open-rim sheet): Picture 5 in Figs. 6-8 shows that the sheet splits downstream of the impingement point and then grows back into a fully developed sheet. This happens periodically, while the upstream part of the sheet remains undestroyed but ruffled. In this case, the sheet breakup is due to aerodynamic waves, while the formation of drops on the undestroyed sheet edges is caused by capillary instability, the same breakup mechanism as described in R I-B.
R II-B (turbulent sheet): Breakup in this subregime is much more violent than the foregoing subregime. The upstream part of the sheet no longer remains stable, and hence a fully developed sheet cannot be seen any more. This happens when the jet velocity is very high. Pictures 6 in Figs. 6-8 show this subregime.
Relation between Reynolds numbers and breakup regimes
In this section, we attempt to relate two Reynolds numbers to the breakup regimes discussed above. The most commonly used Reynolds number that can be related to the breakup regimes is the Reynolds number of individual jets, Re j , which is defined by Re j = 2UR . The impingement of two jets causes a rapid evolution of flow structure, changing the two free jets into a flat thin sheet. In view of this, a new Reynolds number based on the sheet thickness and referred to as the sheet Reynolds number, Re s , is defined. To introduce this Reynolds number, an equation for the average sheet thickness needs to be derived. For a radially thinning liquid sheet excluding the impact region, its average thickness, h A , can be obtained by averaging the sheet thickness from the edge of the impact region r i to the edge of the sheet r e . Hence, the dimensionless average thickness can be estimated by using the following equation:
which can be rearranged as
Since hr is only dependent on as discussed earlier, the foregoing equation can be changed to
where r i / R is given by Eq. ͑9͒, hr / R 2 is given by Eq. ͑11͒, and r e / R can be determined by combining Eqs. ͑14͒ and ͑15͒. Hence, the sheet Reynolds number can be expressed by
One can see that 2h A is used as the hydraulic diameter of the sheet, since r e is much larger than h A . Figure 10 is a plot of the sheet Reynolds number Re s against the jet Reynolds number Re j , and it maps the breakup regime. Different from Fig. 9 which only shows the boundary values of Re j for each breakup regime, Fig. 10 presents all the experimental points. One can see that Re s is much smaller than Re j , which indicates a reduction of Reynolds We believe that the flow behavior in the free liquid sheets with low sheet Reynolds numbers ͑thin sheet thickness and high fluid velocity͒ depends mainly on disturbance and Kelvin-Helmholtz ͑KH͒ instability. The first major factor is the amount of disturbance suffered by the fluid prior to the impingement. One can see that, despite low sheet Reynolds numbers, the impingement of two turbulent jets produce turbulent sheets. Additionally, disturbance could originate from the experimental setup, such as the vibration of two nozzles.
The KH instability, which results from velocity shears between the fluid in the sheet and the surrounding air, has significant influence on the laminar flow in the sheet. Crapper et al. 24 experimentally reported that the wave growth of KH instability is critically dependent on fluid velocity in the sheet and distance from the impact point. Weihs 25 theoretically studied the KH instability of liquid sheets formed by fan-spray nozzles, and provided an approximate solution for the amplitude growth far downstream on the sheet. The solution shows that, for a constant wave number, the growth rate increases with increasing the fluid velocity and decreasing the sheet thickness.
It is worth noticing that Fig. 10 shows some critical values of Re s , which we believe are dependent on the experimental arrangement. The onset of ruffled sheet occurs at Re s = 203, and changes to an open-rim sheet at Re s = 198. The sheet becomes turbulent when Re s = 170. It should be further noted that these values exist where the Re s increases with decreasing 2. Therefore, for the breakup regime to transform from smooth sheet to turbulent sheet, the critical values of Re s can be achieved either by increasing U or 2.
C. Sheet breakup length and width
The breakup length of a liquid sheet is defined as the total length of the liquid sheet from the edge at = 180°to that at = 0°, and the maximum width of the sheet is referred to as breakup width. We first derive analytical equations to predict the two parameters, which then will be compared with our experimental measurements.
Combining Eqs. ͑14͒ and ͑15͒ gives an equation describing the shape of the sheet in polar coordinates ͑r , ͒ 
This equation gives the value of max where the spray sheet is the widest, which is only dependent on . Hence, the following expression predicts the breakup width, denoted by W,
To compare the present analytical results with the experimental measurements, Eqs. ͑19͒ and ͑21͒ will be changed into functions of the jet Weber number, We. Equation ͑20͒ should be first numerically solved for max . The values of ␤ calculated from Eq. ͑12͒ are put into Eq. ͑19͒ to calculate the breakup length, while both ␤ and max are substituted into Eqs. ͑18͒ and ͑21͒ to calculate the breakup width. 
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Characteristics of liquid sheets Phys. Fluids 18, 087104 ͑2006͒ Figure 11 plots Eq. ͑19͒ in the form of L / R as a function of We in comparison to the experimental observations. The three vertical dotted lines demarcate the closed-rim sheet and open-rim sheet for the three impinging angles. The measurement of the open-rim sheet is only conducted to the case of 2 = 120°. The analytical prediction shows that the breakup length is linearly proportional to the Weber number of the jet, which fits fairly well with the experimental measurements of closed-rim sheets. The slope of the linear line is determined only by the impinging angle. However, significant deviation from the analytical prediction can be observed for high Weber numbers, where the liquid sheet does not maintain a closed rim. Figure 12 presents the theoretical and experimental results of breakup width versus We, and Eq. ͑21͒ is plotted in the form of W / R as a function of We. The three vertical dotted lines are the demarcation lines between the closed-rim sheet and open-rim sheet. The same as Fig. 11 , the open-rim sheet is measured only for the case of 2 = 120°. A favorable agreement can be seen in Fig. 12 for liquid sheets with closed rims, which shows that the breakup width is linearly proportional to We. The slope of the linear relation is determined by the impinging angle. Similar to the breakup length shown in Fig. 11 , appreciable deviation can also be observed at high Weber numbers, particularly in the case of high impinging angle 2 = 120°. Figure 12 also shows that the breakup width increases with increasing impinging angle.
A close look at Fig. 11 shows that the predicted breakup length at 2 = 90°is slightly higher than that at 2 = 120°. In contrast, Fig. 12 shows a clear variation of breakup width with the impinging angle. There arises a question with regard to the relations between the two parameters and the impinging angle. Equations ͑19͒ and ͑21͒ are plotted in Fig. 13 versus 2, which actually show the slopes of the two linear relations varying with the impinging angle. It is shown that both L͑R We͒ −1 and W͑R We͒ −1 first increase with 2 and then decreases after passing different maxima at different impinging angles. The maximum breakup length is 0.619 at 2 = 103°, while the breakup width reaches its maximum 0.563 at 2 = 117°. To avoid the singularities of Eq. ͑12͒ at = 0°and 90°, Fig. 13 neglects the two singular points. However, it still shows a tendency that, with 2 approaching 0°or180°, L͑R We͒ −1 and W͑R We͒ −1 become identical.
D. Distributions of sheet velocity and thickness
Distribution of sheet velocity
The previous section presents favorable agreements between the model equations of breakup length and width with the experimental observations of closed-rim liquid sheets. The discussion hereinafter will be mainly focused on these closed-rim sheets. As mentioned earlier, the models used above are based on an assumption of uniform velocity distribution, which states that the fluid velocity is equal to U across the sheet. To test this assumption, the present work investigates the distribution of fluid velocity in the sheet in terms of the azimuthal angle by measuring the propagation of irregularities and waves on the sheet. A similar method was also used in Dombrowski and Hooper. 9 It should be noted that the propagation speed of waves is not identical to the fluid velocity. Additionally, the propagation speed is dependent on the wave type, and dispersion, which is typical of symmetric waves on thin liquid sheets, also affects the wave propagation. A detailed study of waves on thin liquid sheets can be found in Taylor. 4 Nevertheless, since the major objective of the current section is to qualitatively characterize the fluid velocity distribution rather than to find the fluid velocity in the sheet, this method is satisfactory. Figure 14 demonstrates the measurement method. Measurements are conducted at two azimuthal positions on the sheet: = 0°and 25°. Since the sheet formed at 2 = 60°is quite narrow, measurements are only conducted at the centerline of the sheet, where = 0°. For each mean jet velocity, ten waves are tracked. For each wave, six locations of wave front are measured to give five velocities, the average of which is the speed of the tracked wave. In the case of smooth sheets without visible waves, a soft and thin copper wire is used to gently disturb one of the two tubes. This produces some circumferential waves moving over the sheet.
The measured wave speeds, u, normalized by the corresponding mean jet velocity U, are plotted against Re j in Fig.  15 . Figures 15͑a͒ and 15͑b͒ show that the wave speed at the centerline of the sheet where = 0°is higher than that at = 25°. This clearly indicates that the distribution of wave speed is not uniform across the sheet and is a function of . However, Fig. 15͑a͒ also shows that this distribution pattern diminishes when Re j becomes very low or very high. Choo and Kang 17 directly measured the fluid velocity in liquid sheets formed by two impinging jets by using laser Doppler velocimetry, and showed that the fluid velocity decreases as increases. This generally validates our experimental results.
Dombrowski and Hooper 9 and Choo and Kang 17 attributed the nonuniform velocity distribution to the parabolic velocity profile of laminar jets. A laminar jet with parabolic velocity profile has its maximum velocity at its center and decreases toward the surface of the jet, as described by Eq. ͑1͒. When 2 is less than 180°, the high velocity core of the jet tends to move downstream along the centerline of the sheet, while the rest of the fluid spreads over the rest of the sheet. A detailed discussion can be found in Choo and Kang. 17 However, it should be noted that the relaxation of the parabolic velocity profile in a free jet has to be considered, which should be related to the pre-impingement length of the jet, l. Middleman 26 theoretically and experimentally studied the decay length of velocity profiles in laminar jets by considering the change of jet diameter. The decay length is the 
087104-9
Characteristics of liquid sheets Phys. Fluids 18, 087104 ͑2006͒ distance between the exit of the laminar jet and where the jet starts assuming a block velocity profile. It was concluded that the ratio of the decay length to the initial diameter increases with Re j , and this ratio lies between 2 and 3 when 100Ͻ Re j Ͻ 1000. The present work does not have experimental information to verify this conclusion. However, Choo and Kang 17 directly measured a jet velocity at l / D = 10 and Re j = 2693, and the measurements did not show a significant deviation from the fully-developed parabolic profile. In the present work, l is 5 mm, and l / D = 12.5. With this ratio, the velocity profile of the jet ͓Re j = 729 in Fig. 15͑a͔͒ could have enough time to relax prior to impingement, and the subsequent fluid velocity in the sheet is almost uniform. Likewise, due to the block profile of velocity in turbulent jets, the measurements of the sheets formed by turbulent jets do not show an appreciable difference between the two angular positions ͓see Re j = 2883 in Fig. 15͑a͒ and Re j = 2993 in Fig. 15͑b͔͒ . Figure 15 also shows that u / U increases with Re j and then decreases after reaching a peak value. In the case of 2 = 120°as shown in Fig. 15͑a͒ , it reaches a peak value at Re j = 1755, and already experiences a significant decrease at Re j = 2052; In the case of 2 = 90°, the peak value occurs at Re j = 2025 ͓see Fig. 15͑b͔͒ ; In the case of 2 = 60°, the peak value occurs at Re j = 2182 ͓see Fig. 15͑c͔͒ . Recall that the breakup regime changes from the smooth sheet to the ruffled sheet at Re j = 1974 for 2 = 120°, at Re j = 2025 for 2 = 90°a nd at Re j = 2182 for 2 = 60°͓see Fig. 9͑a͔͒ . This implies that the maximum of u / U can be obtained when the sheet is transforming from a smooth sheet to a ruffled sheet.
The increase of u / U with Re j in Fig. 15 can be explained by considering the relaxation of velocity profile, since a relaxed velocity is lower than the central fluid velocity of a parabolic profile. To explain the decrease of u / U with Re j , the aerodynamic and hydrodynamic disturbances must be taken into account. The experiments show that the waves observed in the regimes of pre-sheet formation and smooth sheet move with almost constant speeds on the sheet. A similar observation in Choo and Kang 17 showed that fluid velocity decreases only near the edges of the sheet. However, in the case of the ruffled sheet with appreciable disturbance effect, and particularly in the case of open-rim and turbulent sheets where turbulent mixing is significant, the wave speed significantly decreases when moving away from the impact point. This can be clearly seen from Fig. 16 , which shows the speeds of two waves moving along the centerline of a broken sheet ͑2 = 120°, Re j = 2389͒. A steep drop in speed can be observed when the waves are propagating away from the impact point.
Expansion of broken sheets
As discussed above, the sheet in regime II-A periodically grows into a fully developed sheet and then disintegrates. We observe the growth of these sheets by measuring the velocity of the sheet rim moving outward, uЈ. As demonstrated by Fig. 17 , the expansion of the rim is measured in four azimuthal directions, where = 0°, 25°, 50°, and 180°. Figure  17 shows a sheet formed under the condition of 2 = 120°a nd Re j = 2389, and its measurements are plotted in Fig.   18͑a͒ . Figure 18͑b͒ shows the expansion of a sheet formed at 2 = 120°and Re j = 2883. Since the measurement is conducted only when the sheet edges do not have significant irregularity, the measurements shown in Figs. 18͑a͒ and 18͑b͒ start at different locations on the sheet.
As exhibited by Fig. 18 , the expansion speed uЈ is lower than U, and it decelerates as the rim moves away from the impact point. The speed uЈ also varies with on the sheet. The fastest sheet expansion is at = 0. This is because a large portion of the fluid is directed towards the centerline region of the sheet. The moving edge at = 180°is captured, showing a very slow motion.
Effect of nonuniform sheet velocity on sheet thickness
In this section, we will discuss the effect of sheet velocity distribution on sheet thickness. We first take a look at the The foregoing two equations are plotted in Fig. 19 for 2 = 120°. Using the same impinging angle, the edge thickness, h e We/ R, is also plotted in Fig. 19 by substituting Eq. ͑15͒ into Eq. ͑6͒. As shown in Fig. 19 , both h i and h e decreases as increases and are the thickest at = 0°. The sheet thickness between r i and r e is radially thinning, maintaining hr = h i r i = h e r e for any azimuthal angle .
The experimental observations presented earlier have shown that the velocity distribution in the sheet is not uniform in the present work, which is in disagreement with the assumption of the theoretical models. To justify this assumption, Taylor 6 explained that, for an inviscid fluid, there is no means by which energy could be absorbed. This assumption is tenable for axisymmetric impingement, where the fluid velocity is independent of azimuth . However, according to the discussion in the previous section, this assumption is not valid for the oblique impingement of two laminar jets with parabolic velocity profiles. This seems to contradict with Figs. 11 and 12, which have shown agreements of Eqs. ͑19͒ and ͑21͒ with the experimental results. Recall that Eq. ͑14͒ is obtained by dividing Eq. ͑11͒ with Eq. ͑6͒. Equation ͑11͒ is developed from mass and momentum conservation at the impact region by assuming uniform velocity distribution, and Eq. ͑6͒ comes from the force balance at the edge of the sheet based on the same assumption on velocity distribution. Therefore, the subsequently derived Eq. ͑14͒ is independent of the velocity distribution, and the same are Eqs. ͑19͒ and ͑21͒. In other words, Eqs. ͑14͒, ͑19͒, and ͑21͒ reflect the distribution of fluid momentum on the sheet. It can be further concluded that the distribution of sheet velocity that is due to the jet velocity profile would not affect the sheet shape significantly. This is why Heidman et al. 21 has shown that the free jet length has little effect on the appearance of the spray sheet, provided that the jet does not break up prior to the impingement.
As for the sheet thickness, we reconsider Eq. ͑5͒, which indicates that only when the equilibrium between the surface tension and the momentum, U 2 h e sin 2 ͑ /2͒, exists can the sheet have a stable closed rim. It has been just concluded that the analytical expressions of sheet shape ͓Eqs. ͑14͒, ͑19͒, and ͑21͔͒ can hold for the case of nonuniform sheet velocity. Hence, if the local velocity is not equal to the mean jet velocity U as assumed, to keep the same shape of sheet, the correlation between and must remain unchanged for a given 2:
Here, h e * represents the edge thickness of the sheet with non- 
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Since sheets are radially attenuating, one can rewrite Eq. ͑25͒ as
where h * indicates local thickness of the sheet with nonuniform distribution of fluid velocity. It could be deduced that, for the impingement of two laminar jets with parabolic velocity profiles, the edge thickness in the high velocity region in the sheet, where V͑͒ is higher than U, could be smaller than the prediction, and larger in the low velocity region where V͑͒ is lower than U.
The experimental setup in the present work does not allow measuring the sheet thickness. The experimental results from some previous works could be helpful to our analysis. Taylor 6 and Miller 12 used the same measurement method and reported measurements of sheet thickness, which were used for comparison in a few later works. The data of hr presented by Taylor 6 and Miller 12 were found to fit well with the theoretical models in Hasson and Peck 13 and Ibrahim and Przekwas.
14 This is due to the method used in Taylor, 6 which actually measured the flow rate in a small section of d, i.e., Vhrd. The thickness calculated by dividing this flow rate with jet velocity could cause the results to be larger than the actual thickness around = 0°, where the fluid velocity in the sheet could be higher than mean jet velocity in the case of nonuniform velocity distribution. By the same token, the results could be smaller than the actual thickness at the area of large angles . This presumption can be verified by Shen and Poulikakos, 18 which reported a nonintrusive measurement of sheet thickness by using real time holographic interferometry technique. Comparing with the theoretical results of Hasson and Peck 13 and Ibrahim and Przekwas 14 and the experimental results of Taylor, 6 the nonintrusive measurements clearly showed smaller thickness for Ͻ 50°and larger thickness for Ͼ 50°. It should be noted that the glycerol-water solution used in Shen and Poulikakos 18 is viscous fluid, and viscosity was found to increase sheet thickness in Choo and Kang. 16 A strong relation between velocity distribution and sheet thickness can be found by comparing two companion works, Choo and Kang. 16, 17 Using the interferometric method, Choo and Kang 16 measured the thickness of sheets formed by different liquids including water. It was shown that all the previous models assuming uniform velocity distribution overestimates the thickness for small values of and underestimates for the remaining part of the sheet. Using the same experimental setup, Choo and Kang 17 reported that the fluid velocity in the sheet varied significantly with , and attributed the distribution pattern to the velocity profile in the jet. Equation ͑26͒ indicates that the effect of velocity distribution can be evaluated by comparing V / U with ͑h / h * ͒ 0.5 , both of which, ideally, should be identical for specified and experimental conditions. We calculate V / U by using the data provided in Choo , indicating a more nonuniform velocity distribution in the case of the lower jet velocity. This could be due to a larger deviation from the parabolic jet velocity profile upon impingement in the case of the higher jet velocity.
To summarize, both experimental measurements and analytical models show that the sheet thickness decreases with increasing azimuthal angle . However, a significant discrepancy can be caused by the nonuniform distribution of fluid velocity in the sheet.
IV. CONCLUSION
Two major breakup regimes of the liquid sheet are identified in this work, namely capillary instability regime and Kelvin-Helmholtz instability regime. In the former regime, capillary instability dominates the droplet formation from the rim of the sheet, while in the latter one the interaction between the sheet and the ambient air causes the sheet to break up. These two regimes are further divided into five subregimes based on the characteristics of the sheet. The transformation of the regime is related to three Reynolds numbers. In addition to the Reynolds number of the jet, impingement Reynolds number and sheet Reynolds number are introduced. The impingement Reynolds number is defined by taking into account the impinging angle. An equation is derived to estimate the average thickness of the sheet. This average sheet thickness serves as the characteristic length for the sheet Reynolds number. The sheet Reynolds number is found to decrease with increasing jet Reynolds number, thereby showing a laminarization of the flow in the sheet. The sheet becomes turbulent when the sheet Reynolds number is very low. This is due to the KH instabilities, which dominate in the conditions. Breakup length and width of closed-rim sheets are found to linearly increase with the Weber number of the jet. The slopes of the linear relations are functions of the impinging angle. They first increase with impinging angle and then decrease after passing different maxima at different impinging angles. When the Weber number of the jet is specified, the maximum breakup length occurs at 2 = 103°, and the maximum breakup width occurs at 2 = 117°.
The distribution of fluid velocity in the sheet is investigated by tracking the surface waves that propagate on the sheet. The results reveal that the fluid velocity decreases with increasing the azimumthal angle on the sheet, particularly when the jets are laminar with high Reynolds number. This can be explained by referring to the velocity profile in the jet and the relaxation of the velocity profile. The normalized wave speed first increases and then decreases with the Reynolds number of the jet, and the peak appears when the breakup regime is transforming from smooth sheet to ruffled sheet.
Analysis proves that the model equations of breakup length and width still holds for the case of nonuniform distribution of fluid velocity in the sheet. However, appreciable errors could be caused in predicting sheet thickness. For a sheet formed by two laminar jets with a parabolic velocity profile, the previous models overestimate thickness for the area around the downstream centerline, and underestimate it in the remaining part of the sheet. This can be found by comparing the results reported in early works.
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